We show that the control of gene expression at the level of elongation and termination of protein synthesis can be observed in vitro. Free cytoplasmic polyribosomes were isolated from maize (Zea mays) root tips, and translated in root tip extracts that had been fractionated with ammonium sulfate to contain elongation factors, and be depleted in initiation factors. The root tip extract performs elongation and termination reactions as efficiently as wheat germ extracts. The translation products of the maize system are the same as made in vivo. The dependence of these in vitro elongation and termination reactions on pH was determined. Total protein synthesis in this system exhibits an optimum at pH -7.5. However, the pH dependence of rates of synthesis of individual proteins is not at all uniform; many polyribosomes become stalled when translated at low pH. These data were compared with the elongation and termination capacity of polyribosomes isolated from oxygenated and hypoxic root tips (tissue having, respectively, high and low cytoplasmic pH values). We observed an inverse relationship between the relative abundance of many specific translatable mRNAs in polyribosomes of hypoxic root tips, and the relative rates of elongation and termination reactions on the different mRNAs at low pH in vitro. These results suggest that changes in intracellular pH in hypoxic root tips can be sensed directly by the translational machinery and thereby selectively modulate gene expression.
The rate of protein synthesis in metabolically active plant cells responding to environmental and internal stimuli is strongly correlated with the number, size, and activity of polyribosomes (5, 13, 17) . Moreover, the rate of protein synthesis on polyribosomes can vary for specific mRNAs: polyribosomal mRNA coding for ribulose bisphosphate carboxylase is not translated when amaranth seedlings are transferred from light to darkness (2) ; mRNA coding for sucrose synthase is loaded onto polyribosomes in anaerobic maize roots, but poorly translated (31) . Translational control has thus been shown to play an important part in the responses of plants to various stresses and stimuli (e.g. 2, 10, 11, 28, 31) , and an understanding of protein synthesis on polyribo-'This work was supported by National Science Foundation grants DMB 8521564 and DCB 8904091. C. W. was supported by a National Science Foundation Postdoctoral Research Fellowship in Plant Biology.
somes is relevant to the study of both quantitative and qualitative aspects of gene expression.
Many of the earliest investigations into protein synthesis in plants were performed using extracts of metabolically active plant tissues (see ref. 3 , for review). However, the capacity of those early systems to make authentic proteins was questionable ( 13) , and early studies of protein synthesis in maize root extracts, in particular, encountered difficulties due to high ribonuclease content (20) . Efforts to improve the efficiency of such homologous systems for the most part ceased after the early 1970s, as the utility of the wheat germ system became recognized. Measurements of protein synthesis on polyribosomes in vitro have most successfully been accomplished in heterologous assays, in which polyribosomes from a tissue of interest are added to wheat germ extracts (6, 14, 15) . However, the contribution of reinitiation to protein synthesis in these heterologous systems has been variable (1, 30) , and only in a homologous in vitro translation system derived from metabolically active tissue is it possible to assess the contribution of nonribosomal components to the regulation of protein synthesis in plants. The importance of this contribution is suggested by studies in animal systems at different physiological and developmental states (19, 27) , which revealed that nonribosomal components ofthe translational machinery can strongly control translation rates. Here we describe such a homologous cell-free system derived from maize root tips, that can faithfully and efficiently carry out the elongation and termination reactions of protein synthesis on polyribosomes. These reactions can be studied without interference from reinitiation reactions, or resort to inhibitors of initiation.
Our aim is to determine the extent to which the biochemical reactions of primary metabolism influence gene expression. The biochemical and physiological responses of maize root tips to low oxygen tensions (hypoxia) have been studied in some detail (9, (24) (25) (26) . We have used the homologous maize in vitro translation system to examine how changes in intracellular pH which occur during hypoxia may affect elongation and termination reactions, by replicating those conditions in vitro. We present evidence that changes in cytoplasmic pH can participate in the regulation of translation in hypoxic maize root tips, at the level of elongation and termination. nated in the dark for 36 to 48 h. Except as noted below, seedlings were taken directly from germination trays and 2 mm long primary root apices were excised on an aluminum plate placed on a block of dry ice. Frozen root tips were collected and stored at -70°C prior to extraction of polyribosomes or protein synthesis factors. Oxygenated and hypoxic tissue, used as a source of polyribosomes, was obtained as follows. Seedlings (-15) were placed with roots pointing upward into cavities in a styrofoam block resting on the bottom of a 600 mL beaker. The cavities contained water, ensuring turgor of the entire seedling. The beaker was covered and sealed with a polyethylene bag, and humidified oxygen (oxygenated tissue) or nitrogen (hypoxic tissue) was fed into the chamber, which was maintained under positive pressure. After 45 min of incubation, seedlings were plunged in ice water, and rapidly excised on dry ice, as described above. 8.6 ], 120 mM KCI, 3 mm magnesium acetate, 5 mm DTT) and the volume/tissue ratio (1.5 mL/g). In all subsequent steps (column equilibration, elution, and desalting), buffer consisting of 20 mm Hepes/imidazole (pH 7.6), 120 mm KCI, 3 mM magnesium acetate, and 5 mm DTT was used. The crude supernatant was fractionated on a Sephadex G-25 column (G-25-300, Sigma), and void volume peak fractions were pooled and centrifuged for 2 h at 60,000 rpm (368,000gmax) in a Beckman Ti6O rotor to remove ribosomes. The resulting high speed supernatant was fractionated with ammonium sulfate. In wheat germ, elongation factors are precipitated between 40 and 70% saturated ammonium sulfate, while several initiation factors precipitate at lower concentrations of ammonium sulfate (16) . We found that material precipitating between 40 and 70% saturated ammonium sulfate (RT40-70) was most active in supporting elongation and termination. This precipitate was resuspended in buffer (1 mL/ 10 g starting material), and desalted by dialysis or passage through a Bio-Gel P-6 desalting column (Bio-Rad). Approximately 2 A280 units were obtained per gram tissue, with an A260:A2,80 ratio -0.95. RT40-70 was stored in liquid nitrogen, and retained full activity through several rounds of freezethaw, as assessed by incorporation of radiolabeled amino acids into protein and PAGE analysis of translation products.
Reagents

In Vitro Translation Assays
Translation reactions contained 120 mm potassium (acetate+chloride), 3 mm magnesium acetate, 5 mm DTT, 1 ig/ mL leupeptin, 1.2 mM ATP, 0.2 mM GTP, 0.3 mM dispermidine triphosphate, 5 mm creatine phosphate, 0.67 units/ mL creatine kinase, 50 ,M each of 19 unlabeled amino acids, 10 A60 units/mL wheat germ tRNAs (Sigma), 4 A280 units/ mL RT40-70, 10 A260 units/mL polyribosomes, and either 20 ,M 3H-leucine (0.25-0.5 mCi/mL) or 10 AuM [35S]methionine (5-10 mCi/mL). The use of relatively high concentrations of radiolabeled amino acids was dictated by the concentration dependance of the reaction rate; 20 4M leucine and 10 ,uM methionine were nonlimiting. The reaction pH was adjusted to 7.5, or as indicated, by the addition of 30 mM Mes/imidazole, Hepes/imidazole, or Hepes/Tris, at the appropriate pH. Protein synthesis in this system is absolutely dependant upon potassium, magnesium, ATP, amino acids, RT40-70 and polyribosomes. Addition of exogenous tRNAs stimulates the reaction about twofold, whereas GTP, spermidine, creatine phosphate, and creatine kinase stimulate translation up to 20%. The finding that added GTP is not essential in this system may be due to the presence of trace amounts of guanine nucleotides in RT40-70 (data not shown). The concentration of RT40-70 was chosen to maximize protein release from ribosomes; whereas incorporation of radiolabeled amino acids was maximal at -2 units/mL, 4 units/mL RT40-70 was maximal for release of nascent chains from ribosomes.
Polyribosome concentration was rate limiting.
Translation reactions using wheat germ extracts contained potassium, magnesium, and amino acids at the same concentrations given above. The wheat germ lysate used here was from Promega (Madison, WI); lysates from three other commercial sources gave comparable results. Wheat germ S100 was prepared from Promega lysate by centrifugation at 100,000g for 30 min. Incorporation of radiolabeled amino acids into protein was determined by filter assays. One to three ,uL translation products were spotted onto glass fiber filters (Whatman GFA), precipitated 15 min in iced 5% TCA, boiled 10 min in 5% TCA, and washed 15 min in 5% TCA at room temperature. Filters were rinsed twice each with 95% ethanol and acetone, air dried -10 min, and counted in 3.5 mL Ecolume scintillation cocktail (ICN). 
PAGE
One-dimensional SDS gels were as described by Laemmli (12) , and contained 10 to 15% linear acrylamide gradients. Two-dimensional gels were run according to O'Farrel (22) . Isoelectric focusing tube gels contained pH 5 to 8 and pH 3 to 10 pharmalytes (Pharmacia) at a four-to-one ratio, and were run for 18 h at 400 V and 1 h at 1500 V. The second dimension SDS gels were linear 10 to 15% acrylamide and 5 to 30% glycerol gradients. Gels were run at 85 V through the stacker, 2240 V-h through the separator, silver stained (21) Translation of maize root tip polyribosomes by RT40-70 involves elongation and termination reactions only. Translation was monitored by the incorporation of 3H-leucine into protein ( Fig. 1 A, solid line) , and was not inhibited by m7GpppG2, an analog of the 5'-cap of eukaryotic mRNAs that inhibits initiation (29) (Fig. lA, dashed line) . This result indicates that reinitiation of root tip mRNAs does not occur in RT40-70, and contrasts with the behavior of maize root tip polyribosomes during translation in both wheat germ lysate (Fig. 1B) and RTO-70 extract (data not shown). Here, protein synthesis is partially inhibited by m7GpppG (Fig. 1 B) to a level comparable to that seen in RT40-70 (Fig. 1 A) . The inhibition of protein synthesis by m7GpppG can be attributed to blockage of translational reinitiation, based on the m7GpppG-induced inhibition of translation of naked globin mRNA (Fig. 1C) , and comparisons of the concentration and time dependence for inhibition in the different protein synthesis systems. Replicate experiments using a second initiation inhibitor, edeine (7), gave the same result (data not shown). Elongation can therefore be studied in the absence of reinitiation, without recourse to initiation inhibitors.
The absence of reinitiation activity apparent with polyribosomes translated in RT40-70 is due to a lack of soluble initiation factors in the RT40-70 preparation, as expected from the purification procedure (see "Materials and Methods"); RTO-70 enzyme fractions support initiation reactions (data not shown). Previous studies on translation of legume polyribosomes in wheat germ showed different capacities for reinitiation (1, 30) . Maize ribosomes are fully competent to reinitiate protein synthesis, and can utilize both polyribosome-derived maize mRNAs and exogenous naked mRNAs. When maize polyribosomes were translated in a ribosomedepleted wheat germ extract (S 100), the addition of rabbit globin or Brome Mosaic Virus mRNAs further stimulated protein synthesis, and the synthesis ofauthentic globin protein was confirmed by SDS-PAGE (Fig. 2) . We determined whether protein synthesis by maize polyribosomes was in part due to synthesis on mitochondrial or plastid ribosomes, by adding chloramphenicol to translation assays. Chloramphenicol inhibits the peptidyl transferase of 70S ribosomes from the organelles of eukaryotic cells, but does not affect cytoplasmic (80S) ribosomes (29) . At 5, 20, and 50 jug chloramphenicol per mL, concentrations that severely inhibit protein synthesis in etioplasts, chloroplasts (23) , and mitochondria (8) , no inhibition was observed (data not shown). We conclude from these results that we are studying protein synthesis only on cytoplasmic ribosomes.
Termination and Protein Release from Polyribosomes Translated in RT40-70
We examined the efficiency with which proteins synthesized by polyribosomes in RT40-70 were released, by centrifuging translation reactions on sucrose density gradients and comparing the positions of radiolabeled proteins and ribosomes (Fig. 3) . The optical density profiles show that the proportion of ribosomes existing as monomers increases with translation from <10% to >95% (Fig. 3A) . Most ofthe protein made in vitro is released (Fig. 3B) , with the remainder comigrating with ribosome monomers and dimers. The Initiation reactions supported by maize root tip polyribosomes in ribosome-depleted (S100) wheat germ extract. Shown is a one-dimensional SDS-PAGE separation of translation products made by ribosome-replete wheat germ extract containing 5 pg/mL globin mRNA (positive control) (1); wheat germ S100 containing 5 4g/mL globin mRNA (2); wheat germ S100 containing maize root tip polyribosomes (3); wheat germ S100 containing maize root tip polyribosomes plus 5 ug/mL globin mRNA (4 of radioactive protein released was similar to that observed both for polyribosomes and globin mRNA translated in wheat germ lysate (data not shown). In the PAGE analyses presented in the sections below, only translation products released from ribosomes are examined (see "Materials and Methods"); i.e. the relative intensities of protein bands or spots reflect the relative amounts of elongation and termination.
Authentic Maize Root Tip Proteins are Synthesized by Polyribosomes in RT40-70
The proteins produced by maize polyribosomes translated in RT40-70 were compared to those synthesized in the standard (wheat germ) heterologous translation system, and to proteins made in vivo, by SDS-PAGE (Fig. 4) . Products synthesized in RT40-70, wheat germ extracts, RT40-70/ wheat germ extract mixtures and in vivo are quite similar. The only significant difference between the products synthesized by polyribosomes in maize versus wheat extracts is the presence of stronger low mol wt bands in the latter system; relatively few proteins in this mol wt range are synthesized by maize root tips in vivo.
While the results in Figure 4 by polyribosomes in vitro are similar to those in vivo, such comparisons are not definitive. We therefore compared in vitro translation products with authentic maize root tip proteins on two-dimensional gels (Fig. 5) . Many of the in vitro translation products (Fig. 5A ) comigrate with proteins in the RT40-70 extract (Fig. 5B) , and in crude root tip extracts (Fig.  5, C and D) . The correspondence of protein spots in the different panels of Figure 5 demonstrates that maize root tip polyribosomes make authentic maize root tip proteins when translated in RT40-70.
pH Dependence of Elongation and Termination Reactions on Maize Root Tip Polyribosomes in RT40-70
Elongation reactions exhibited a pH optimum of-7.5 (data not shown), which approximates the cytoplasmic pH in oxygenated maize root tips (25) . This optimum was determined by measuring the initial rate (during the first minute) of incorporation ofamino acid into protein, when the elongation rate is linear and termination is negligible. The rate of elongation was reduced by -50% at high (8.2) and low (6.5) pH values. This reduction was not due to unavailability of amino acyl-tRNAs; the extent of leucyl-tRNA charging was insensitive to pH over this range, and precharging of tRNAs at pH 6.4 or 7.5 did not alter elongation rates of reactions carried out at either pH (data not shown).
At pH 6.5, in addition to the -50% reduction in the initial rate of protein synthesis, both the final extent of incorporation and the conversion of polyribosomes to monoribosomes are inhibited -50%, compared to translation at pH 7.5 (data not shown). Thus, about half of the polyribosomes "stall" at low 46 -* pH and remain attatched to mRNA, due to inhibition of either elongation or termination reactions. Differences in the rates of elongation on different mRNAs have implications not only for the number of protein molecules produced per mRNA, but also for mRNA stability. The longer an mRNA spends in the elongation phase of protein synthesis, as a proportion of the total translation cycle time, the more likely it is to be protected from degradation; mRNA attached to "stalled" ribosomes might be expected to be very stable.
Polyribosomes on different mRNAs are not all equally affected when translated at different pHs, judging from the polypeptide products released from ribosomes in reactions analyzed by SDS-PAGE (Fig. 6) . Equal amounts of radioactivity were loaded per lane, so differences in band intensity between lanes reflect changes in the proportions of individual proteins made at each pH. It is apparent that synthesis of the majority of proteins is equally affected by different pHs.
However, on top of this "global" effect of pH, there are clear selective effects; synthesis of certain proteins is selectively enhanced at alkaline or acidic pHs (Fig. 6) . This is the first example of selective inhibition of elongation and/or termination reactions observed in vitro.
Relationship between Polyribosome Abundance in Hypoxic Maize Root Tips and Polyribosomal Elongation/ Termination Rates at Low pH in Vitro
The cytoplasmic pH of maize root tips decreases by more than 0.5 pH unit within -15 min of the onset of hypoxia (24) , with even greater acidosis occurring at longer times (25) . A -10-fold reduction in the rate of protein synthesis, accom- (17) . Accordingly, ribosomes from hypoxic root tips were approximately one-fifth as active (protein synthesis per A260 unit of ribosomes) as ribosomes from oxygenated root tips, when translated at pH 7.5 (data not shown). We compared the translation products of these ribosome preparations at pH 7.5 (Fig. 7, C and D) with the products of normal (aerobic) polyribosomes translated at low or high pH (Fig. 7, A and B Only a compensating selective enhancement of reinitiation would prevent the depletion of these polyribosomes from the total population. Conversely, one can identify proteins that normal polyribosomes can barely make at low pH (Fig. 7 , cf.
A with B and C, arrowheads). These same proteins are made in higher proportions by polyribosomes of hypoxic root tips at pH 7.5 ( Fig. 7D ) than by polyribosomes from oxygenated root tips at pH 7.5 (Fig. 7C ). This result suggests that some of the polyribosomes which persist in hypoxic maize root tips are there because they have stalled in the acidic cytoplasm. Thus, the relative abundance of many specific translatable mRNAs contained in polyribosomes in hypoxic root tips may inversely reflect the relative rates of elongation and termination reactions on the different mRNAs at low pH. Our results suggest that the translational apparatus is both quantitatively and qualitatively sensitive to intracellular pH. We have established that intracellular pH is a significant indicator of metabolic state, with respect to respiration and fermentation (24) . One can speculate that intracellular conditions such as pH serve as signals "used" by the translation machinery to sense environmental conditions such as hypoxia. It should be possible to explicitly test features of this model using our homologous cell free translation system.
